Introduction
The mean temperature of the earth has risen by about 0.8
• C since 1850 and, according to the UN Intergovernmental Panel on Climate Change, and the main cause is claimed to be greenhouse gas emissions from human activities (IPCC, 2013) . There is a great concern about the consequences of further increase in temperature and the EU advocates ambitious climate and energy policies to reduce greenhouse emissions. Essential to the European strategy for sustainable growth is the climate/energy target "Triple 20 by 2020", which focuses partly on an energy efficiency target (EC, 2010 The main purpose of this study is to evaluate energy efficiency in Swedish manufacturing
industry. An important question is whether there is a potential to increase efficiency and, therefore, whether there is a potential to contribute to the EU energy efficiency target. In this context, it is important to reflect closer upon the concept of energy efficiency and how it can be measured. Another purpose of this study is to more thoroughly investigate whether energy intensity may serve as an adequate measure of energy efficiency.
What is energy efficiency? According to EC (2011), increasing energy efficiency technically "[…] means using less energy inputs while maintaining an equivalent level of economic activity or service, […] (p. 2)".
2 This could be interpreted as energy efficiency being synonymous to energy intensity. That is, for an industry firm this may, e.g., entail lowering the ratio of energy input to value added produced (Bhattacharyya, 2011, p. 54) . However, using energy intensity indicators as measures of energy efficiency may be less suitable, as it requires strong assumptions regarding factors not related to efficiency. For instance, energy intensity will not correctly reflect variation in energy efficiency between countries' if, e.g., the fuel mix and weather vary between countries (Ang, 2006) . For the same reason, energy intensity may be a bad proxy for variation in energy efficiency across industries and firms, since energy demand in production may vary depending on what exactly is produced, restrictions that they are facing, technology, etc.
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In an attempt to overcome some of the problems related to energy intensity as a proxy for energy efficiency, we utilize the parametric Stochastic Frontier Analysis (SFA) approach. 4 This means that energy efficiency is estimated as technical efficiency following the literature on productive efficiency. 5 Energy efficiency can then be estimated conditioned on factors that are unrelated to efficiency as pointed out by Ang (2006) , i.e., factors that vary between firms, e.g., fuel mix input, exogenously given circumstances such as restrictions caused by different policy decisions, spatial conditions, etc. Generally, the SFA approach means that we estimate a technological frontier for a group of decision making units (firms in this case) and use it as a benchmark to which the degree of energy efficiency is defined and measured. The concept of energy efficiency is then well grounded in production theory, providing a solid base for interpretation.
The stochastic frontiers are specified as input demand frontiers according to Kumbhakar and Lovell (2000) . Particularly, we follow Filippini and Hunt (2011 , 2012 , and specify energy demand functions and, as in Filippini and Hunt (2011) , energy efficiency scores are estimated by using a 'true' random effects SFA approach suggested by Greene (2004 Greene ( , 2005a Greene ( , 2005b . This means that efficiency is allowed to be time variant and that time invariant unobserved firm specific differences (unobserved heterogeneity) are separated from efficiency.
In line with the EC (2011) definition of energy efficiency, we estimate demand frontiers based on the assumption that firms are cost minimizers. In this case the estimated efficiency scores are to be interpreted as revealing the potential to reduce energy input while the level of produced output is unchanged (the potential energy conservation). If there is such potential, there is a 'win-win' scenario as the firm can cut energy costs by reducing energy use at the 3 Energy efficiency indicators can be defined at different levels of economic activities, see, e.g., Patterson (1996) for a discussion. Also, Ang (2006) provides a brief review on the development of energy efficiency indicators. 4 The stochastic frontier approach was simultaneously introduced by Aigner et al. (1977) and Meeusen and van den Broeck (1977) . 5 For an introduction to the concept of frontier analysis and technical efficiency, see e.g., Coelli et al. (2005) , Färe and Grosskopf (2003) , or Kumbhakar and Lovell (2000) .
same time as emissions related to the energy use potentially are reduced. The cost minimization approach may also be related to the political statement given in EC (2011) that energy efficiency is the 'biggest energy source'.
However, in the European 2020 strategy, there are other perspectives to the objective of sustainable growth, including, e.g., a more competitive economy (EC, 2010) . This opens up for alternative concepts of energy efficiency. For instance, is there a potential for firms to increase energy efficiency and at the same time increase output, productivity and competitiveness? To answer this question we estimate the energy demand frontiers and energy efficiency scores as if the firms are profit maximizers. In this case the potential increase in efficiency does not conserve energy -instead it reflects the potential to increase productivity and competitiveness at the expense of increased energy use, while keeping energy intensity level fixed. That is, the use of energy is more 'profit efficient' with the same energy-output ratio. From a 'total welfare' point of view, we should encourage firms to minimize energy use or, alternatively, maximize profits depending on which alternative that benefit society the most.
To empirically estimate energy efficiency we use a unique industrial firm level panel data in fourteen Swedish sectors covering the period 2000 to 2008. Given that it is claimed that energy efficiency is the 'biggest energy source ' (EC, 2011) , the main goal is to evaluate the potential to increase energy efficiency for the industrial firm. This is the major empirical contribution of our study. Also, we study energy efficiency by estimating firms' energy demand functions and frontiers, which only a few studies has done before, and thereby we provide a unique study on the manufacturing industry and its sectors; the sectors are analyzed separately at the firm level and this allows us to identify sector and firm specific energy efficiency scores. To our knowledge, this industry-wide assessment of energy efficiency using firm level data is novel. Furthermore, we study energy efficiency from both the cost minimization and profit maximization perspective, thereby bringing forward further aspects on the concept of energy efficiency. Our approach also allows us to compare the estimated energy efficiency scores with calculated energy intensity to evaluate intensity as a proxy for efficiency at the sector and firm levels. Finally, as a sub-purpose, our energy efficiency scores are estimated conditional on relevant factors, with main focus on the impact of the EU ETS (the European emission trading system). The rest of the paper is organized as follows. Section 2 provides a brief literature review. In section 3 we give a short background description of EU ETS. Section 4 introduces the theoretical framework. Section 5 formulates the empirical models. Section 6 describes the dataset. In section 7 estimation results are presented. Conclusions are offered in section 8.
Background and previous research on energy efficiency
Countries have promoted energy efficiency since the oil shocks of the 1970s, and a typical indicator used as a proxy for energy efficiency has been energy intensity. (Svensson et al., 2012) . Intensity in terms of energy used per monetary unit of value added fell by 53 percent during 1990 to 2009 (3 percent per year). In 2010 the main energy providers were biofuels 37 percent, electricity 36 percent (mainly hydro and nuclear), and fossil fuels 23 percent. Three of the sectors accounted for 72 percent of the energy use in manufacturing; Pulp and paper 52 percent, Iron and steel 14 percent, and Chemical 6 percent.
However, in the IEA (2011) report it is stated that intensity is not an accurate and thus not an appropriate proxy for efficiency. Intensity is a broader concept, including not only energy efficiency but also other factors as, e.g., the structure of the economy. According to Filippini and Hunt (2011) , this highlights the weakness of intensity as a proxy for energy efficiency as it does not capture the underlying energy efficiency in an economy. Therefore, energy intensity forms a poor basis of energy policy if the purpose is to increase energy efficiency.
For a more detailed discussion on energy intensity and the related conceptual and measurement problems, see Bhattacharayya (2011).
Structural difficulties were early recognized in the context of measuring energy efficiency in practice. As EIA (1995) efficiency. Several of the papers address sectors within the manufacturing industry, and they highlight the problem of separating differences in economic structure from energy efficiency (e.g., Phylipsen et al., 1997; Farla et al., 1997; Eichhammer and Mannsbart, 1997) .
One methodological approach that instead can be used to circumvent some of the problems that arise when using energy intensity as a proxy for energy efficiency is the stochastic frontier analysis (SFA) approach. For instance, a parametric technological frontier can be estimated for measuring the magnitude of inefficiency as the deviation from the frontier, i.e., as technical inefficiency. There are a few recent studies that have adopted this approach (Boyd, 2005 (Boyd, , 2008 Buck and Young, 2007; Filippini and Hunt, 2011 , 2012 . 8 For our purpose, the work by Filippini and Hunt is especially interesting as they, assuming cost minimization, estimate energy demand stochastic frontier functions to isolate underlying 7 See also, Ang (2006) . 8 Other approaches are non-parametric as the deterministic Data Envelopment Analysis (DEA) approaches in, e.g., Zhou and Ang (2008) and Blomberg et al. (2012) . Another approach is the Index Decomposition Analysis (IDA), discussed in Ang (2006) . energy efficiency. 9 They also recognize the inappropriateness of using traditional random effects models, as all energy efficiency will be assumed time invariant and that any time invariant cross unit heterogeneity will be incorrectly interpreted as differences in energy efficiency. In an attempt to overcome these shortcomings in efficiency analysis Greene (2004 Greene ( , 2005a Greene ( , 2005b ) suggested a so-called 'true' random effects model. This approach also allows for estimating energy efficiency conditional on explanatory variables.
The concept of energy efficiency, as measured within the energy demand stochastic frontier framework, is rarely adopted. Furthermore, to the best of our knowledge, there is no study on firm level manufacturing industry data. Following Filippini and Hunt (2011) , we estimate energy demand stochastic frontier functions by using Greene's true random effects model.
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In addition to Filippini and Hunt we study different concepts of energy efficiency related to cost minimizing or, alternatively, profit maximizing firms. Also, we explicitly derive the demand frontiers from an optimization problem. Finally, we evaluate energy efficiency conditioned on explanatory variables, focusing particularly on the European emission trading system (EU ETS). special focus on the determinants of efficiency in terms of energy intensity, which is significantly different from our approach.
In the next section we provide a short background to the development of the climate and energy policies faced by firms in Swedish manufacturing.
9 Filippini and Hunt study efficiency at aggregate levels (OECD country level, US residential state level, and the residential sector level in 27 EU Member States, respectively). 10 Other studies adopting Greene's true random effects model studying cost efficiency, not explicitly energy efficiency, are, e.g., Farsi et al. (2006a, b) and Farsi and Filippini (2009 accompanied by an almost 35 percent increase in production. Also, it was found that the Swedish CO2 tax was a significant reason for the decoupling.
In this section we give a brief background to the Swedish climate and energy policy, and some background to the EU ETS. Even though we focus on the EU ETS in the empirical application, we still provide some description of Swedish national policy, since it to some degree affected energy use. However, we believe these effects were more pronounced before the period we study. For a specific analysis of the effects of the CO2 tax (introduced 1991) on the environmental performance of Swedish industry, see Brännlund et al. (2014) .
Climate and energy policy in Sweden
Sweden has a long history of taxing energy and it was initially motivated by public financing reasons. In 1929 a tax on petrol and motor alcohol was introduced. In 1951 a tax on electricity was further introduced, and in 1957 also a general energy tax, including coal, heating oil, and diesel. As a result of the oil crises in the 70's, the energy taxation was expanded further by energy policy reasons. The political ambitions were to reduce oil consumption as well as increasing the capacity of producing electricity, mainly through nuclear power. During the 80's the arguments for energy taxation was further strengthened by environmental policy reasons, which was also supported by the Environmental Fee Inquiry in the end of that decade (Brännlund, 2009 ).
During 1990-1991 Sweden reformed the whole tax system, including energy and environmental taxation. Taxes on CO2 and SO2, and a fee on NOx emissions from large combustion plants were implemented and, e.g., the CO2 tax rate was set to SEK 0.25 per kilo emitted (Swedish Energy Agency, 2006) . 11 Therefore, Sweden was one of the first countries to introduce a CO2 tax (Marchal et al., 2012) . Notable, however, is that the energy tax rate was reduced by a corresponding amount, i.e., basically a part of the energy tax was "renamed" as CO2 tax. In addition an energy tax reform was implemented in 1993, where both energy and CO2 taxes were increased substantially. However, due to the new high tax rates the manufacturing industry was exempted from the energy tax and taxed only at 25 percent of the statutory CO2 tax rate. Hence, it was mainly the households that faced higher tax rates (Brännlund, 2009 For the manufacturing industry within EU ETS, the CO2 tax was gradually phased-out from 2008, and completely removed from January 1 2011. However, in the first trading phase,
2005-2007, the CO2 tax was still intact.
EU ETS
The European Emission Trading System, EU ETS, was launched in January 1 2005, with the primary purpose of cost-effectively reducing greenhouse gas emissions. Within the system, a cap on CO2 allowances was set at Member State levels according to national allocation plans.
Firms within the system were allowed to trade these allowances, one EU Allowance Unit Besides including additional sectors and greenhouse gases, the cap of CO2 allowances is set at the EU level, and a progressively increasing proportion of allowances will be auctioned.
The EU ETS now covers 45 percent of total greenhouse gas emissions released in the 28 EU Member States.
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Our study addresses the Swedish manufacturing sector, and covers the pilot period of the EU ETS and the first year of the second period. Overall, in each year the trading sector in Sweden was allocated a surplus of allowances compared to emissions caused by this sector (Swedish National Audit Office, 2012). This situation occurred in the EU's trading scheme as a whole.
The surplus of allowances and the fact that the first period allowances could not be transferred to the second period had major consequences for the EUA carbon price.
The development of the current EUA carbon price is provided in year of the second period the price started at about EUR 21 and reached a peak at about EUR 27 in mid-2008, after which the price began to fall as the financial crisis intensified. Ever since the end of 2008 the EUA carbon price has been relatively low and currently the price is 5.10 EUR. 14 Therefore, in the public debate there has been a concern that the price is too low to provide incentives for investment in technological development that increases energy efficiency and reduces CO2 emissions, or to spur substitution away from carbon intensive fuels.
Theoretical approach
We adopt the theoretical framework of Kumbhakar and Lovell (2000) and derive the stochastic energy demand frontiers based on the assumption of firms either minimizing the cost or maximizing the profit. As we will see, these assumptions are crucial for how energy efficiency is interpreted.
Cost-minimizing input demand frontiers
The stochastic firm level cost-minimizing input demand functions are derived from the following system of equations where , 1,..., i j N = denotes variable inputs with i j ≠ (suppressing the firm subscript, k ):
where the expression in Equation (4. Given variable input prices; if j η is different from zero it indicates that the : j th input is either inefficiently over-or underutilized compared to the : i th input.
The stochastic cost-minimizing input demand frontiers for variable inputs can be expressed as (superscript C denoting cost minimization): As Equation (4.1.3) shows, technical inefficiency in production, measured as / C u r , has a positive impact on input demand. It is now purely input-oriented and indicates how many percent input demand increases due to technical inefficiency. Whether allocative inefficiency, C η , increases or reduces input demand has to be answered empirically.
Profit maximizing input demand frontiers
Similarly to the cost minimizing case, the stochastic profit maximizing input demand frontiers are derived from the following system of equations: The stochastic profit maximizing input demand frontiers for variable inputs can be expressed as (superscript π denoting profit maximization): The cost minimizing input demand functions are derived conditionally on exogenous output and, therefore, technical inefficiency is purely input-oriented. Given a certain level of produced output, the inefficiency component measures how much input is increased (or can be decreased) due to inefficiency. In Figure 4 .1 this is illustrated by the distance between A and B, which means that the overuse of input due to inefficiency is (
. This means that if the single input is energy use then the measurement of technical efficiency corresponds purely to energy efficiency. In this case the efficiency measure corresponds to the definition of energy efficiency according to EC (2011), i.e., productivity and competitiveness are enhanced by conserving energy while keeping output fixed.
There are other viewpoints than energy conservation to the objective of sustainable growth, e.g., a more competitive economy (EC, 2010), which opens up for alternative concepts of energy efficiency. Profit maximizing input demand is derived unconditionally on endogenous
Directions of inefficiency -u π /(1-r) u C /r y C y π output, and technical inefficiency is therefore output-oriented. In this case the inefficiency component measures how much output and input are decreased (can be increased) due to inefficiency.
18 This is illustrated by the distance between A and C along the ray from the origin, indicating an underuse of input equal to ( x x π − ). Inefficiency is interpreted as the potential of increasing productivity and competitiveness given that the input/output proportion is held fixed. That is, firm performance may be improved by using more energy, probably at the expense of increased emissions. From a welfare point of view, however, we should encourage the firm to minimize energy use or maximize output depending on which alternative that benefits the society the most.
As evident from Figure 4 .1, we are interested in energy efficiency as measured by technical efficiency. Allocative efficiency is not directly related to the technological aspects of using energy efficiently in production. Therefore, from now on we assume zero allocative inefficiency, i.e., 0
in Equation (4.1.3) and (4.2.3).
The inefficiency model
For producer k in period t , let the cost minimizing and profit maximizing input demand functions in Equation (4.1.3) and (4.2.3), respectively, be represented by the following expressions: The conditional inefficiency model is specified as follows (Greene, 2004) :
18 Consult Kumbhakar and Lovell (2000) who also derives the output supply function from Equation (4.2.1) and (4.2.2), which again includes both the allocative and technical inefficiency components. 
Empirical specifications
When estimating energy inefficiency in terms of technical inefficiency it is necessary to account for firm specific heterogeneity. Not properly accounting for heterogeneities may cause the estimated efficiency scores to be biased. If assuming perfect competition with optimizing firms, the time invariant part of the inefficiency component in Equation 19 When assuming cost minimizing firms a positive sign of the estimated parameters, δ , indicates a positive impact on inefficiency and a negative impact on efficiency and, therefore, a positive impact on input demand, and vice versa. Whereas in the profit maximizing case it indicates a negative impact on input demand, and vice versa. 20 However, as recognized by Kopsakangas-Savolainen and Svento (2011) , in markets that are not characterized by perfect competition there might not be full incentives to, e.g., minimize production costs. This could be seen as due to time invariant inefficiency that wrongly would be interpreted as time invariant heterogeneity, resulting in overestimated efficiency scores. The problem that inefficiency scores do not include time invariant inefficiency is also recognized by Filippini and Hunt (2012) and the reason for them not to reporting the result generated by the true random effects model introduced by Greene (2005a Greene ( , 2005b .
Recalling Equation (4.3.3), Greene (2008) Hence, efficiency is a short-run concept conditionally on other inputs, which can be related to the example shown in Figure 4 .1 (assuming the single input to be energy input).
Energy demand frontier when cost is minimized
The empirical specification of the stochastic cost minimizing energy demand frontiers in Equation (4.1.3) is, for firm k in period t , as follows: 
Note that the inverse of 21 Assuming that labor in terms of number of employees is exogenously given may seem controversial. However, in the Swedish case this is not far from the truth in the short-run. By the Swedish Employment Act (Lagen om anställningsskydd, LAS 11 §), the term of notice is one to six month by default, depending on time of employment, and can in certain cases exceed six month in practice. Hence, not only Capital but also Labor varies slowly compared to energy use in production. 
Energy demand frontier when profit is maximized
Similarly, the empirical specification of the stochastic profit maximization energy demand frontiers in Equation (4.2.3) is, for firm k in period t , as follows: 
The conditional inefficiency model
The empirical specification of the conditional inefficiency model in Equation (4.3.3) is as follows: and Firmsize are dummy variables categorizing firms into small, medium, and large firms.
Definition of small, medium and large sizes is according to firms' outputs level. That is, small, medium and large sizes refer to the first, the second and the third quantiles of outputs.
The small firm category is the reference group.
CO2 intensity is assumed a determinant of efficiency as it reflects the amount of carbon emission of per unit economic output. Lower CO2 intensity would imply higher energy efficiency from a energy conservation perspective. In the cost minimizing (energy conservation) case, the coefficient of CO2 intensity is thus expected to be negative (more inefficiency). However, it is difficult to predict the sign in the profit maximizing case.
Capacity utilization rate is regarded as another determinant of efficiency as it can be considered as a proxy for productive capability of firms or to account for the business cycle.
The sign for capacity is not obvious, even though we would expect high utilization to correspond to high efficiency. We also assume that different sizes of firms could impact efficiency. By taking the small sized firms as the reference group, we expect assenting impacts of medium and large sized firms, in either cost or profit optimizing case, reflecting a positive "scale effect".
The expression in (5.1.1), alternatively the expression in (5.2.1), will be estimated simultaneously with Equation (5.3.1) by applying the Stata sfpanel package with the option emean and suppress the constant in the inefficiency function (Stata, 2012) .
Data
The data consists of an unbalanced panel which covers 4297 firms across 14 Swedish The data contains information about inputs and outputs that are used to estimate the energy demand functions as specified in Equation (5.1.1) and (5.2.1). Descriptive statistics are showed in Table 6 .1a. Inputs in production are labor (number of employees), capital (mSEK), fuel (GWh), and electricity (GWh). Capital stocks are calculated using gross investment data (investments in buildings excluded) and the perpetual inventory method. 23 Labor and capital are treated as quasi-fixed inputs. 24 Fuel is an aggregated variable consisting of coal, oil, gaseous fuel, wood fuel, and district heating. Input price of energy, i.e., fuel and electricity, is derived as the ratio of value of energy consumption to consumed quantity. Produced output is derived from sales data as sales divided by a sector specific Producer Price Index (PPI). We use the PPI as the index for output price. All variables measured in monetary values reflect 2008 year prices.
23 We adopted a 0.087 capital depreciation rate for all firms and sectors in manufacturing, as suggested in King and Fullerton (1984) and Bergman (1996) . The steady state assumption helps us to consider 1990 as the base year in which investment rate is assumed equal to the depreciation rate; thereafter we can calculate the capital stocks in the following years based on the "starting value" in 1990. 24 We treat labor and capital as quasi-fixed inputs in order to separate energy inputs, such that the estimated energy efficiency is mainly dependent on energy inputs. The data also contains information that is used to create variables in the energy inefficiency function given in Equation (5.3.1). These variables are: ETS (EU ETS participation dummy), CO2 intensity (ton emitted/Sales), Capacity (percentage utilized), and Firm size (dummies based on quantiles from employee data). Descriptive statistics for CO2 intensity, Capacity, and number of ETS firms in each sector are presented in Table 6 .1b below. In Table 6 .2 the sector shares of total consumption of fuel and electricity in all 14 sectors is displayed. Iron/Steel, Pulp/Paper, and Chemical sectors account for a large part of total energy consumption in Swedish industry (as also observed by Svensson et al., 2012) . Table 6 .2 reveals that these sectors consume more than 70 percent of both total fuel and electricity consumption in 2000-2008. We also calculate mean value of fuel/electricity intensity of each sector over the period [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] . Results are presented in Table 6 .3. Higher value indicates larger demand of energy to produce one unit output. Iron/Steel was the most energy intensive sector whereas Electro was the least intensive one. Stone/Mineral, Pulp/Paper and Mining sectors are also fuel and/or electricity intensive.
As mentioned before, energy intensity is often considered as a proxy of energy efficiency.
Based on how we define and calculate energy intensity and energy efficiency, we expect negative correlation from the cost minimizing perspective. 25 However, the sign of the correlation in the profit maximizing case is not obvious since firms can increase efficiency with the energy-output ratio fixed. Results of a sector level correlation analysis will be presented in next section.
One of the sub-purposes of the current paper is also to analyze whether the EU ETS has had any impact on energy efficiency. The idea of the EU ETS is primarily to reduce CO2 emissions from energy-intensive industries and energy production. Looking at Figure 6 .3, we see that firms being part of the EU ETS have a significantly higher energy intensity, which is consistent with the basic idea of the system; participating firms are major polluters/energy consumers. 
Results
This section presents results from estimating energy demand stochastic frontiers simultaneously with energy efficiency scores conditioned on various factors as explained above. Results contain three parts; first, the estimated efficiency scores and the parameters of the frontiers, Equation (5.1.1) and (5.2.1), are presented in Section 7.1. Second, the estimated efficiency scores are compared to energy intensity levels in Section 7.2 and, third, the impacts on energy efficiency of the conditional variables, Equation (5.3.1), are presented in Section 7.3. 26 As is evident from the tables the estimations are unsuccessful for some of the sectors. This is because of wrong skewness and/or estimations do not converge. Wrong skewness refers to the OLS residuals being positively skewed. Simar and Wilson (2010) show that this problem can arise frequently although the model is correctly specified. According to Almandis and Sickles (2012) this point is valid for a finite sample and they also argue that the wrong direction of skewness is most possibly caused by the inappropriate assumption of the distribution of inefficiency. Results on the estimation of electricity efficiency are presented in Table 7 .1.2a and 7.1.2b. The results indicate that from the cost minimizing perspective the efficiency scores are generally higher than from the profit maximizing perspective. Referring back to Figure 4 .1, this means that firms are operating closer to point B than to point A. However, even though the larger potential to increase energy efficiency from a profit perspective, i.e. by increasing output and energy use proportionally, this does not necessarily mean that the profit maximizing perspective should be the guiding principle for policy decisions. We must also take into account the prevailing preferences in society to take welfare optimal policy decisions, and the cost minimization perspective on energy efficiency is also more in line with prevailing political ambitions, i.e., energy conservation.
Stochastic demand frontier estimations and efficiency scores
Below we plot the efficiency kernel densities for the three sectors that are the largest consumers of fuel and electricity (recall Table 6 .2), with the purpose of obtaining a more detailed image on how energy efficiency scores are distributed in the energy intensive sectors.
(Plots of other sectors can be found in Appendix A). From a policy point of view energy efficiency is often assumed to be synonymous to energy
intensity. In what follows we check this assumption.
Energy efficiency vs. energy intensity
In this section we follow Filippini and Hunt (2011) and compare the estimated energy efficiency scores with calculated intensities. Correlations between efficiency and intensity for each of the 14 sectors are presented in Table 7 .2.1 below.
27 Note that Iron/Steel could not be estimated in the profit maximizing case (N/A, not applicable). As discussed in the previous section, we expected negative correlation between efficiency and intensity in the cost minimizing case. Such properties are valid in most sectors, but the magnitude of the correlations is quite low. Thus, we cannot provide a clear-cut confirmation that energy intensity can be used as the proxy for energy efficiency, when cost is minimized.
Filippini and Hunt (2011) found a similar result when they analyzed the correlation between efficiency and intensity for aggregated national data in OECD countries. 28 In the profit maximizing case the correlation is positive in almost all sectors, which suggests that energy intensity should not be used as the proxy for energy efficiency.
In addition to Table 7 .2.1, we also provide visual illustration of the correlation in From the plots above we can see patterns that support the negative correlation for some years.
For instance, in Figure 7 .2.1, there seems to be a negative correlation in Pulp/Paper sector until year 2005; but after that, the correlation tends to be positive. This makes us even more uncertain to claim that energy intensity can be considered as the proxy for energy efficiency.
In sum; using energy intensity as a proxy for efficiency is problematic, especially from the profit maximizing perspective. Our estimates show that there may be a negative correlation in the cost minimizing case, but these correlations are usually small, at least in our data sample.
Determinants of energy efficiency
In this section, we present the parameter estimates for variables in the conditional inefficiency model in Equation (5.3.1), that is estimated simultaneously with the energy demand stochastic frontiers.
We only show the effects on energy efficiency of the variables included as conditional in terms of a "+" or "-" if we are able to estimate them (Appendix C contains a complete representation of the results). Impacts from the determinants on fuel efficiency are presented in The most notable result is that the EU ETS had no significant impact on fossil fuel efficiency during the period in study, with one exception, the Chemical sector in the profit maximizing case. Referring back to Table 6 .1 this sector is one of those with the highest absolute number of firms that were active on the trading market. Sectors that have large absolute number of ETS firms also include Pulp/Paper and Stone/Mineral; however, the EU ETS was not influential in these two sectors.
Capacity tends to positively affect fuel efficiency in the cost minimizing case, but negatively in the profit maximization case. This is reasonable since operating at relatively high capacity will reduce the ability to expand both energy use and output, which is necessary to be more efficient in the profit maximization case.
CO2 intensity in production seems not very important except in Electro, Stone/Mineral and Textile, where it has a negative impact. This means we cannot say that CO2 intensive firms in general are more energy efficient, which we would expect since they can profit the most on economizing on energy use.
The effects of firm size seem to matter, especially in the energy conservation case (cost minimization), where it in many sectors have a positive effect on fuel efficiency. The opposite holds true for the profit maximizing case.
In the case of electricity and cost minimization, we see that the ETS has had a both negative (Chemical, Pulp/Paper) and a positive (Rubber/Plastic, Stone/Mineral) effect on efficiency. In the profit maximization case the ETS is only statistically (negative) significant in Rubber/Plastic. So we see that the effect on efficiency shift sign in Rubber/Plastic depending on which perspective we take. This highlights the importance of the firm behavior assumption on how we can interpret the results. Furthermore, as for the fuel case, electricity use efficiency is increased by firm size in the cost minimization case, but discouraged by size in the profit maximization case. The same pattern is observable for Capacity and CO2 intensity. Basically, this means we see mostly "+" signs in the energy conservation or cost minimization table, while mostly "-" signs in the profit maximization efficiency table.
The opposite sign tendency for the cost minimization and profit maximization cases is not surprising. In the cost minimization case the approach is input-oriented and increased efficiency means less use of energy for given output, while in the profit maximization case, which is output-oriented, increased efficiency means increasing both energy use and output. If an external factor, such as the EU ETS, has a positive effect on energy conservation it should have the opposite effect on profit maximizing energy efficiency.
In sum; energy efficiency scores show that there is room for improvements in Swedish industry sectors. The EU ETS is mainly positively related to energy conservation in fuel and electricity, but not statistically significant in most sectors. For profit maximizing energy efficiency there are no clear-cut results concerning EU ETS.
Finally, regardless of the model approach and econometric model that is applied, there are always reasons to be cautious in interpreting estimated results. Even though Green's true random effects model performs well compared to the basic random effects model there are still possible causes for biased estimates, see, e.g., Filippini and Hunt (2012) , KopsakangasSavolainen and Svento (2011), and Farsi, et al. (2005) .
Conclusions
The main purpose of this paper has been to evaluate energy (fuel and electricity) efficiency in Swedish manufacturing industry, based on firm level data that covers fourteen sectors during [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] . Energy efficiency is here defined as technical efficiency, which indicates how much more efficient a firm could be if it invests in the best practice technology that constitutes the frontier of the industry. Hence, energy efficiency is here related to technological diffusion rather than technological development.
We also emphasize that there are alternative concepts of energy efficiency depending on political objectives, and efficiency was estimated based on the assumptions that firms are cost minimizers in one case and profit maximizers in another. In the former case efficiency may be related to the objective of energy conservation and in the latter to, e.g., a more competitive economy. Both objectives are perspectives of the European 2020 strategy to achieve sustainable growth.
Efficiency scores were estimated by applying a stochastic frontier analysis approach, more precisely were input demand frontiers estimated by applying Green's 'true random effect model'. The results show that there is considerable space to improve energy efficiency in Swedish manufacturing industry, though there seems to be less potential from a cost minimizing perspective. This may reflect that energy conservation has been prioritized, leaving less possibilities for further improvement. However, even though the larger potential to improve profit energy efficiency, it does not necessarily mean that this particular perspective of a competitive economy should be the guiding principle for welfare optimal policy decisions from now on. Energy conservation is more in line with today's preferences, and a policy option might be to target the development of new, less energy-dependent technologies without causing increasing technical inefficiency. This is also suggested in Blomberg et al. (2012) in a study on energy efficiency in the Swedish Pulp and paper industry.
Another purpose of this study has been to investigate whether it is appropriate to use energy intensity as a measure of energy efficiency, as is commonly done. For instance, Pardo Martínez and Silveira (2013) study the effects of different factors on energy efficiency in Swedish manufacturing industries -efficiency measured as intensity (the amount of energy used to produce one unit of gross output measured in Euro). They find that, e.g., high energy prices, and CO2-and energy taxes, have had a significant positive impact on energy efficiency in Swedish manufacturing industry, and they therefore conclude that "Sweden has applied an adequate and effective energy policy (p. 117)". However, our results indicate that energy intensity should not be used as a measure of energy efficiency, which also is in line with the findings presented in Filippini and Hunt (2011 , 2012 . Using intensity as an indicator of efficiency might give misleading guidance for welfare optimal policy decisions if the target is to increase efficiency. In fact, our results indicate that decreases in intensity can be related to small increases in efficiency at best.
Our results also indicate that the European trading system (EU ETS) has had a moderate effect, if any, on energy efficiency. There are some previous studies on the impact of the EU ETS on firm performance, but to our knowledge not precisely on energy efficiency. For instance, Lundgren et al. (2013) found that EU ETS had a positive significant effect on overall technical efficiency in the Swedish Pulp and paper industry. Our estimates also indicate positive signs, however not significant. The difference in results might depend on differences in methodology. However, a general conclusion drawn by Lundgren et al. is that the price of allowances has been too low to have any major impact on technological development, and the low price may also be one of several reasons for EU ETS having moderate effect on energy efficiency.
Finally, there is still a lot to be done in research in purpose of achieving a satisfactory understanding of how to pursue climate and energy policy to stimulate firms to invest in energy efficiency increasing measures. However, another side of the coin is to consider firms' voluntary measures to increase efficiency. What effect has the investments made on a voluntary basis on firms' energy efficiency and economic performance? Finding the answer to that question is a task for future research and would contribute to important insight regarding the political ambitions expressed in the European 2020 strategy. 
